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Rapid advances in the research and development of organic electronics have 
resulted in many exciting discoveries and applications, including organic light 
emitting devices (OLEDs) for information display and illumination, organic pho-
tovoltaic (OPV) devices, photodetectors, chemosensors, organic thin film transis-
tors (OTFTs) and memory. Small molecular organic optoelectronic devices often 
call for sharp interfaces and highly pure materials for improved device perfor-
mance. Solvent-free deposition and additive patterning of the active layers is pre-
ferred, calling for specialized processing approaches. Several deposition and pat-
terning methods for small molecular thin films and devices have been developed, 
including vacuum thermal evaporation (VTE), organic vapor phase deposition, 
and organic vapor jet printing, but the dominant approach used today  vacuum 
thermal evaporation with movable shadow masks  does not scale up easily.  
Guard flow-enhanced organic vapor jet printing (GF-OVJP), however, enables 
additive, rapid, solvent-free printing of molecular semiconductors in ambient at-
mosphere by evaporating organic source material into an inert carrier gas jet, 
which impinges onto a substrate where the organic molecules condense. A sur-
rounding annular guard flow focuses the primary jet and shields it from contact 
with the ambient oxygen and moisture, enabling device-quality deposition in air. 
The technique is compact and scalable. This thesis demonstrates the deposition of 
 
 xix 
active layers of OLEDs, OPVs, OTFTs by GF-OVJP in air. Process-structure-
property relationships are elucidated, using a combination of film deposition and 
structural characterization, device fabrication and testing, as well as compressible 
fluid flow, heat and mass transport modeling.  
Firstly, a fluorescent material, AlQ3, is printed by GF-OVJP in air to form the 
active layer of an archetypal, bi-layer OLED comparable device properties as 
those fabricated by VTE. Process parameters are optimized to improve devices 
performance and pattern resolution. Next, GF-OVJP is used to grow donor 
(SubPc) and acceptor (C60) films in air for standard and inverted OPV device ap-
plications, revealing that film crystallinity and roughness can be affected greatly 
by the guard flow, potentially enhancing cross-plane carrier transport / exciton 
and photovoltaic device performance. Thirdly, dry printing in air is demonstrated 
of various organic semiconductors (pentacene, tetracene, DNTT) for application 
as OTFT channels. Synchrotron XRD and AFM are used to characterize the 
growth dynamics and the resulting film structure, complemented by measurement 
of electronic properties of GF-OVJP deposited films in TFTs, establishing a quan-
titative process-structure-property relationship. Finally, GF-OVJP technique is 
modified to enable surface polymerization of parylene. The air-deposited parylene 
layer is shown to increase the lifetime of an encapsulated OLED.  
This thesis thus lays the groundwork for rigorous, quantitative design of film deposition 









1.1. Background and motivation  
Conjugated molecular organic compounds have received increasing amounts of atten-
tion in the scientific and engineering communities for their applications in solar energy 
conversion, efficient solid-state lighting, flexible electronics, and other areas. From the 
earliest reports of the photovoltaic effect in organic thin films [1, 2] to the recent com-
mercialization of organic light-emitting devices (OLEDs) for flat-panel displays, progress 
in the field of organic optoelectronics has been rapid. OLED external quantum efficiency 
(EQE) exceeding 20% [3] and luminous power efficiency of more than 100 lm/W [4] 
were shown, organic photovoltaic power conversion efficiency of over 10% [5] was 
achieved, and field-effect mobility in organic transistors was improved beyond 5 cm2/V-s 
[6]. The concurrent development of materials and device structures enabled exquisite 
control over charge injection, transport, and recombination; exciton transport; and light 
in- or out-coupling. Meanwhile, to transform the organic semiconductor compounds from 
their initial state (typically, purified crystalline powder) into multilayered device struc-
tures over large areas, a remarkably small set of processing techniques have been de-
ployed [mostly vacuum thermal evaporation (VTE)]. A review of these techniques has 
been published by Biswas et al. [7] and forms the basis of this chapter.  
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The focus of this thesis is on van der Waalsbonded, smallmolecular weight (e.g., 
smaller than 103 g/mol) organic compounds, some of which are shown in Fig. 1-1. The 
relatively weak intermolecular forces [8] enable the nonepitaxial deposition [9] of high-
quality thin films on a range of substrates, including glass and flexible plastics. However, 
the nature of bonding in these materials typically restricts processing to nonreactive and 
dry techniques. For example, sputtering finds limited application due to the fragility of 
the organic thin films under ion bombardment, whereas use of conventional photolithog-
raphy is restricted by the films high permeability by common solvents. Furthermore, sol-
vent-based deposition methods face the difficulty of adjusting the solubility of individual 
components independent of their optoelectronic properties.  
________________________________________________________________________ 
      
________________________________________________________________________ 
Figure 1-1 Small molecular organic semiconductor materials: chemical structures of the 
conjugated organic and organometallic compounds of interest in optoelectronic device 
applications. They include archetypal electron- and hole-transport materials, wide band-




A variety of techniques have been developed to enable the precise deposition and pat-
terning of molecular organic thin films, geared toward device fabrication. Here, some of 
these techniques like vacuum thermal evaporation (VTE), organic vapor phase deposition 
(OVPD), organic vapor jet printing (OVJP), laser-induced thermal imaging (LITI), and 
active-layer patterning by shadow masking and transfer methods are briefly discussed. 
Industrial application of these deposition methods brings up special engineering chal-
lenges concerning material utilization efficiency, pixel crosstalk, apparatus contamina-
tion, takt time, and many other factors, which are also relevant to the art of thin-film 
growth in a research setting. Of particular interest are methods that enable additive pat-
terning of active layers involved in charge and exciton transport, light absorption or emis-
sion, and other important functions in devices. Substantial interest persists in developing 
improved techniques for optoelectronic device deposition and patterning in the ambient, 
in part due to the potential for cost reduction and environmental benefits when compared 
to conventional vacuum- or solvent- based processing. Guard flow-enhanced organic va-
por jet printing  (GF-OVJP) is one of the solutions developed to address these issues. [7] 
OVJP enables direct patterning of the active organic layers, and is the basis for the 
GF-OVJP method, which is the focus of this thesis. Briefly, an inert carrier gas (e.g., ni-
trogen, helium, argon, etc.) picks up organic vapor and impinges as a collimated jet onto 
a substrate, where the heavier organic molecules selectively condense. [10] However, 
when applying the same process to deposit in air, a significant limitation arises; the hot 
organic vapor mixes with the surrounding oxygen and moisture en route to the substrate. 
Because the highly conjugated organic semiconductor compounds are susceptible to oxi-
dative damage at elevated temperatures, their device-relevant properties usually degrade 
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in air, lowering device performance. To address the limitation described above, the pri-
mary jet is concentrically surrounded with a secondary jet of inert gas, reducing pattern 
dispersion and protecting the organic vapor from the surrounding atmosphere. [11]  
This thesis attempts to explore the potential of GF-OVJP as a viable technique to de-
posit and pattern device-quality, organic thin films in air for various optoelectronic appli-
cations. To evaluate the contribution of GF-OVJP to the fabrication space, it is necessary 
to understand the principles of molecular optoelectronic devices and examine some of the 
existing deposition techniques mentioned above along with their advantages and draw-
backs. 
1.2. Small Molecular Organic Semiconductor Devices 
Interest in organic electronics stems from a combination of intriguing electronic and 
optical properties of the materials, coupled with the ability to deposit organic films on a 
variety of low-cost substrates, such as glass, plastic, or metal foils, as mentioned in the 
introduction. OLEDs for flat-panel, information-display applications have enjoyed the 
most rapid improvements [12], propelled by the value-added nature of the application, for 
which the rich color gamut and energy efficiency afforded by organic emitters are highly 
desirable. High-efficiency, very bright and colorful thin displays based on OLEDs are in 
commercial production by several manufacturers. Advances in organic electrolumines-
cence for display applications are paving the way for OLED-based solid-state lighting, 
where the new technology must compete with multiple established paradigms (e.g., in-
candescent, fluorescent, and inorganic LED-based lighting). 
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Significant progress is also being made in the realization of organic thin-film transis-
tors (OTFTs) [13] and thin-film organic photovoltaic cells (OPVs) [14] for cost-effective 
and ubiquitous electronics and solar electricity generation. The cost of semiconductor 
layers used in most thin-film solar cells is low, so the ultimate success of organic semi-
conductors in these applications likely depends on leveraging the ability to integrate de-
vices on inexpensive, large-area substrates using very low-cost, low-energy-intensity 
[15], high-throughput production techniques. To provide context for the discussion of 
OLED, OTFT, and OPV device-fabrication methods, The structure, operating principles, 
and performance characteristics of the devices themselves are briefly discussed below. 
1.2.1. Organic Light-Emitting Devices 
Although basic electroluminescence in an organic compound was demonstrated as 
early as 1953 [16] and 1965 [17], it wasn’t until Tang & VanSlyke’s [18] 1987 demon-
stration of the first heterojunction OLED that the science and technology of OLEDs be-
gan to gain momentum. High efficiency, archetypal heterojunction OLEDs [18, 19] typi-
cally comprise organic layers sandwiched between two thin film electrodes, as shown in 
Fig. 1-2. Electrons and holes injected under electrical bias from the cathode and anode, 
respectively, undergo drift diffusion through the respective transport layers and recom-
bine at the interface, emitting heat and light. To first order, the thicknesses and composi-
tion of the individual layers dictate the amount of injected charge for a given voltage as 
well as the overall efficiency of the OLED. The color of emitted light is controlled pri-
marily by choosing an appropriate HOMO-LUMO energy gap of the dopant molecules 
placed at the interface between the electron- and hole-transporting layers. Confinement of 
excited states (excitons) is a key consideration, accomplished through the use of large-
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energy-gap, exciton-blocking layers that can increase the probability of radiative recom-
bination of excitons away from the quenching electrodes.  
 
      
________________________________________________________________________ 
Figure 1-2 A schematic of an organic light-emitting device (OLED) structure, showing 
organic layers sandwiched between two electrodes, at least one of which is transparent. 
Also shown is an energy-level diagram for a device consisting of anode, hole- and elec-
tron-transport layers (HTL and ETL), doped emissive layer (i.e., consisting of two or 
more components), and cathode. Holes and electrons are injected and recombine in the 
emissive layer. Interfaces and doping are important in this structure for balancing cur-
rent injection, localizing recombination, and increasing emission efficiency. [7] 
________________________________________________________________________ 
Several definitions of efficiency are associated with lighting devices, including EQE 
(measured in %) and luminous and power efficiencies. EQE is the ratio of the number of 
photons emitted to the number of electrons injected into the device; luminous efficiency, 
ηL, is similar to EQE, except that ηL convolves the number of emitted photons normalized 
by the photopic response of the eye (most sensitive in the green portion of the visible 
spectrum) and is measured in candelas per amp (cd/A). Power efficiency is typically 
quoted in lumens per watt of power used to drive the device and is important in determin-
ing the cost to operate a light source. The EQE can be represented as a product of the ef-
ficiencies of individual steps leading to light emission from the OLED: 
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EQE = ηinj· ηxport · ηrec · ηrad · ηout        (1.1) 
where ηinj is the charge-injection efficiency, ηxport is the charge-transport efficiency, 
ηrec is the charge-recombination efficiency (or charge balance factor, often written as γ), 
ηrad is the radiative efficiency (<0.25 for electrofluorescence or <1 for electrophospho-
rescence [20, 21]), and ηout is the light outcoupling efficiency (typically <0.5 [19, 21]). 
State-of-the-art electrophosphorescent devices can achieve ηrec · ηrad approaching 
100%, whereas ηout in some device configurations can be 50%. 
Any candidate deposition technique must help extract the maximum potential from 
the materials comprising the device. Current density-voltage-light (J-V-L) characteristics 
are measured, along with the electroluminescence spectra of OLEDs, to quantify device 
performance [22]. The J-V characteristic of an OLED typically exhibits two distinct re-
gimes: space-charge limited (SCL) and trapped-charge limited (TCL). In the SCL regime, 
J ∝ V2. In the TCL regime, carrier mobility is limited by trapping of carriers in deep and 
shallow energy levels in the film, which arises from a combination of impurities, dam-
aged material, and disorder. Increasing electrical bias on the electrodes floods the films 
with charge, which fills the finite number of traps and causes a rapid increase in the ef-
fective carrier mobility. As a result, a rapid, power-law increase in cur- rent is observed, 
governed by thermally activated, variable range hopping, with J ∝ Vm, where m > 7. At 
sufficiently high injection levels, all the traps are filled, reaching the trap-filled limit, and 
consequently the current again becomes SCL [23]. 
Many organic semiconductor compounds, as well as their interfaces with electrodes 
in devices, can degrade rapidly in air. Studies on OLEDs [24, 25] show two main degra-
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dation pathways: long-term intrinsic decay in the electroluminescence intensity, which 
leads to a uniform loss of efficiency across the light-emitting surface, and faster degrada-
tion through formation and growth of nonemissive regions or dark spots, which are at-
tributed to regions of poor electron injection formed by local oxidation. Continuous dif-
fusion of oxygen and water into the device leads to growth of the oxidized region of the 
cathode, which expands radially from the defect (e.g., a pinhole in the electrode). 
Two primary architectures have emerged for realizing full-color information displays 
based on OLEDs. In one approach, the basic RGB pixel triad (or pentile pattern) is 
achieved by patterning the red-, green-, and blue-emitting OLEDs side by side, which 
requires at the very least the in- plane patterning of each emitter with edge definition on 
the order of 20 micrometers or better, depending on the type of display. In another ap-
proach, the OLED component takes the place of a conventional backlight coupled with 
switched liquid crystal–based red, green, and blue filters. In the latter configuration, the 
patterning requirements for the organic emitters can be relaxed, although the energy effi-
ciency and color gamut are in principle inferior to the first approach. In either case, the 
active organic layers are usually deposited by VTE, and pixilation is achieved by using a 
shadow mask. It has emerged that shadow masking severely limits the scalability of 
OLEDs, increasing the urgency for low-cost, scalable, direct patterning, which is covered 
in a subsequent section. 
1.2.2. Organic Photovoltaic Cells 
As an intrinsically large-area and cost-driven application, solar cells benefit from the 
strong light absorption of organic dyes and the ability to rapidly deposit device-quality 
organic semiconductor thin films at ambient conditions on a variety of substrates without 
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the need for lattice matching. The photovoltaic effect in organic films was observed as 
early as 1958 [1] and was followed by reports on Schottky junction–based organic photo-
voltaics [26]. The efficiency of these early devices was extremely low, in part due to 
suboptimal absorption and the inability to dissociate strongly bound electron-hole pairs 
by the weak built-in field of Schottky junctions. A breakthrough by Ching Tang [2] was 
to design a heterojunction, in which two different organic materials were used to create a 
functional analog to the classical semiconductor p-n junction. Similar to OLEDs, the 
EQE of organic solar cells can be represented as a product of the intermediate step effi-
ciencies, including those for light absorption that generate molecular excitons, exciton 
diffusion, and exciton dissociation across the donor-acceptor interface and eventually 
charge extraction to the electrodes. To address an inherent tradeoff between light absorp-
tion and exciton diffusion in organic thin films, bulk heterojunction architectures were 
developed [27]. At the time of this writing, the power conversion efficiency of organic 
solar cells exceeds 11%, and several efforts worldwide are directed toward scale-up and 
commercialization for a range of applications where flexibility and light weight are ad-
vantageous [28]. Compared with many other (inorganic) solar cell technologies, organic-
based PV cells potentially offer some of the shortest energy payback times [15]. Note, 
however, that to reduce solar photovoltaic module installation costs, efficiency must be 
maximized, and the methods used for large-scale production of solar cells must result in 
stable, efficient device structures. 
The reader is referred to excellent reviews of organic photovoltaic device physics and 
material selection [29, 30]; some considerations are briefly discussed here to contextual-
ize OPV device-processing challenges and approaches. Nearly identical to the structure 
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of heterojunction OLEDs, an archetypal heterojunction OPV cell consists of organic thin 
films sandwiched between two electrodes, one of which is transparent. Typically, the 
substrate is glass or plastic, precoated with a transparent conducting metal-oxide anode or 
thin conductive metal, and the cathode is a thick metal reflective layer. The thin (<200-
nm) active organic layer comprises at least two materials with different LUMO (and/or 
HOMO) energy levels, which form a planar or inter-digitated heterojunction. As noted 
above, light absorbed in these layers forms excitons, which diffuse randomly inside the 
organic layers. Parasitic quenching of excitons can occur in the bulk, at the electrodes, 
and by energy transfer to other moieties inside the material. Upon encountering the do-
nor-acceptor heterojunction, excitons can dissociate into interfacially bound polaron pair 
states, which precede the generation of more spatially separated electrons and holes that 
can be subsequently collected at the electrodes. Increased molecular order affects the 
thermodynamics and kinetics of these processes and can thereby improve energy and 
charge transport considerably, which boosts the overall power conversion efficiency [31–
33].  
Some of the important parameters for characterization of OPVs (indicated in Fig. 1-3) 
include short-circuit current (JSC, measured in mA/cm), open-circuit voltage (VOC, meas-
ured in V), fill factor (FF), and the overall power conversion efficiency (ηP). Various ma-






       
________________________________________________________________________ 
Figure 1-3. A schematic of an organic photovoltaic (OPV) cell structure, similar to that 
of an OLED. Absorption of photons generates bound excited states (excitons), which 
upon diffusion to the donor-acceptor interface dissociate into electrons and holes. The 
light-absorbing layers are often structured to contain partially mixed donor and acceptor 
components, which are phase separated and crystalline at the nanoscale. [7] 
________________________________________________________________________ 
 
1.2.3. Organic Thin-Film Transistors 
Field-effect/thin-film transistors (FETs and TFTs) are the foundational elements of 
integrated circuits used in computing and information display, where millions of transis-
tors are needed to enable pixel switching across the entire display area. Most transistors 
are made of single-crystal, polycrystalline, or amorphous silicon. Metal oxides have 
gained market share recently in display applications; however, OTFTs have attracted 
considerable attention in the past decade owing to the potential to realize large-area, me-
chanically flexible, lightweight devices, as well as to reduce the cost of materials and 
processing over large areas on glass and plastic substrates at room temperature. Over 
time, organic compounds have been developed with field-effect charge mobilities compa-
rable with or higher than those of amorphous silicon TFTs (e.g., 1–10 cm2/V-s), enabled 
by improvements in molecular structure and film morphology control that reduce degra-
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dation and act to maximize electronic coupling between the π electron systems of adja-
cent molecules [34]. 
Examples of OTFT configurations are shown in Figure 1-4; the top-contact/bottom-
gate architecture is the most commonly used in research. The source and gate electrodes 
are biased (VDS & VG) relative to the drain. The charges, electrons or holes, are injected 
from the source and accumulate in the organic layer adjacent to the gate dielectric, form-
ing a conducting path. Many organic materials, both small molecular and polymeric, have 
been used as channel materials for OTFTs [35–37]. Pentacene is one widely explored ma-
terial, which exhibited a relatively high field-effect hole mobility in the early years of 
OTFT work. The important metrics used to analyze the performance of OTFTs are field-
effect mobility (µ, in cm2/V-s) of the charge carrier, current On-Off ratio (ION /IOFF ), 
threshold voltage (VTH , in V), and subthreshold slope (S, in mV/decade) [38], all of 
which are extracted from the current-voltage characteristics of the OTFT.  
 
           
________________________________________________________________________ 
Figure 1-4. A schematic of an organic thin-film transistor (OTFT) with top-electrode 
and bottom-electrode configurations. On the right is an energy-level diagram showing 
band bending as a result of applied gate bias, which causes hole or electron accumula-
tion (or depletion) in the region of the semiconductor adjacent to the gate oxide. Bias on 
the source and drain electrodes causes electrical current (red arrow) to flow between 
source and drain, in the semiconductor region adjacent to the gate oxide. [7] 
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1.2.4. Other Organic Electronic Devices 
Organic semiconductor lasers :  
A number of reviews have been published on lasing in organic semiconductors [39–
41], although electrically pumped lasing has not been achieved. Optically pumped lasing 
has steadily gained in efficiency [39]; state-of-the-art distributed feedback polymer lasers 
operate with lasing thresholds as low as 3.6 W/cm2, which allows pumping with cheap 
inorganic diode lasers or even commercially available LEDs. Recent work has exploited 
the large, two-photon absorption cross-section of polymers to demonstrate nonlinear 
pumping of a blue-wavelength laser. This may mark a path to the pumping of blue lasers 
with low-cost red diode lasers to create hybrid, electrically pumped polymer lasers. The 
replacement of expensive, bulky laser pump sources with small, solid-state diode lasers, 
which are commercially available and extremely cheap, holds the promise of compact, 
cheap, organic sources operating at visible wavelengths. Applications, however, still re-
quire further reductions in lasing thresholds as well as the demonstration of longer life-
times and continuous-wave operation before widespread deployment becomes possible. 
Organic photodetectors :  
Key parameters for photodetectors include efficiency and speed of response. Organic 
photodetectors based on standard organic materials can sense light in the visible, infrared, 
and even X-ray portions of the electromagnetic spectrum and can operate well into the 
megahertz regime [42, 43], with the speed being limited by the size of the device, the 
lifetime and transport rate of excitons, and the charge carrier mobility. Organic photode-
tectors are well suited to applications requiring large-area and nonplanar devices, includ-
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ing X-ray imagers for biomedical applications [44] and human-eye-mimicking vision sys-
tems [45, 46]. Miniaturization of organic photodetectors (e.g., by placing them directly 
on the cantilever of a near-field scanning microscope [47]) can open new applications in 
materials characterization and metrology. The low-cost nature of organics also allows 
them to be used for disposable on-chip sensors [48–50] or data communications, and their 
chemical tunability allows tunable photo-action spectra to be obtained, which may be 
useful in colorimetry. [51] 
1.3. Thermal properties and purification  
1.3.1. Thermophysical properties of organic materials 
Small molecular conjugated organic materials exhibit van der Waals bonding in the 
condensed state, which is stable up to relatively high temperatures (e.g., copper phthalo-
cyanine is stable in air above 350°C). Following the synthesis of the compounds and pri-
or to depositing thin films for devices, the materials are usually purified by using a com-
bination of crystallization precipitation out of solution, column purification, and vacuum-
train sublimation. To generate device-quality thin films with precisely controlled thick-
ness (down to <1 nm), the starting materials must be either thermally evaporated or pre-
cipitated out of a solvent while process conditions are carefully controlled (e.g., in spin-
coating, concentration, temperature, and substrate rotation speed must be controlled). To 
minimize the incorporation of unintentional stoichiometric/electronic defects during pro-
cessing, stringent solvent purification and/or vacuum maintenance must be observed. The 
evaporation temperature window for conjugated polyaromatic compounds (with molecu-
lar weight typically ranging between 200 and 1,000 g/mol) is framed by the need to 
achieve sufficiently high evaporation rates to meet production throughput requirements 
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and the need to avoid thermal degradation. The evaporation temperature is also set by 
considerations of desired film morphology—faster deposition rates (and colder substrate) 
generally lead to amorphous deposits, whereas slower deposition rates (and warmer sub-
strate) generally increase intermolecular ordering in the films [52, 53], which is potential-
ly advantageous in optimizing charge and exciton transport. 
To guide the design of deposition apparatus, establish adequate process control, and 
estimate fundamental limits of production throughput and fabrication energy budget, par-
ticularly for commercial-scale fabrication of organic-based devices, evaporation proper-
ties of the compounds should be known or predictable. In contrast to traditional hydro-
carbons encountered in fossil-fuel refining, the thermodynamic properties of polyaro-
matic compounds comprising the class of organic semiconductor materials are less well 
known. Vapor-liquid or vapor-solid equilibrium has been studied by static and kinetic 
methods (e.g., direct detection of vapor pressure in a closed vessel by a pressure gauge, 
Knudsen effusion, the Langmuir method, and flow-based techniques [54, 55]), which are 
applied depending on the range of Pvap and evaporation temperature involved. Static 
methods are simple and reliable but limited to pressures >1 Torr. The Knudsen effusion 
method is useful for materials with vapor pressure between 10−7 and 10−1 Torr, at tem-
peratures between 350°C and 600°C, and involves measuring the rate of effusion of 
equilibrated vapor through a small orifice. For flow-based techniques, accurate and 
meaningful thermodynamic data can be obtained by using a standard thermobalance [54, 
56], which is calibrated with materials of known vapor pressure, with an evaporation rate 
modeled by the Langmuir equation for free evaporation obeying the classical Clausius-
Clapeyron (exponential) dependence on enthalpy and temperature [57]. 
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Shalev & Shtein [56] tabulated thermophysical properties of several archetypal mole-
cules used in organic semiconductor devices, including data reported by others [58–66]. 
Predictions of the sublimation enthalpy of organic materials can be made via empirically 
validated group contribution methods [67, 68] and the number of occurrences of different 
atom types [68]. Shalev & Shtein [56] found a simple relationship between the evapora-
tion enthalpy and crystal density: 
ΔH =163.9·d−106.4         (1.2) 
where ΔH is the sublimation enthalpy (kJ/mol) (typically ranging between 100 and 200 
kJ/mol) and d is material density (g/cm3). (The utility of this relationship is reciprocal: 
Because the determination of evaporation enthalpy is relatively simple using thermograv-
imetric analysis, the equation predicts material density in the deposited film.) 
1.3.2 Materials Purification 
Maintaining high purity of the compounds comprising electronically active layers of 
devices is essential to obtain the desired performance of the device [69–71]. Impurities 
may act as deep traps and/or recombination sites within the thin film. Dopants such as 
oxygen or even water can enter the organic film through unintentional exposure to the 
ambient, which leads to degradation of the device performance over extended periods of 
operation [72]. Molecular impurities, such as molecular fractions, that are codeposited 
with the desired organic semiconductor can disrupt the molecular stacking order, which 
results in a significant reduction in exciton and charge carrier mobility [71]. 
Highly conjugated small molecular materials are often poorly soluble in common 
process solvents and are therefore purified using sublimation techniques, based on the 
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fact that different molecular solids in general differ in their molecular weight, vapor pres-
sure, and condensation temperature [73, 74]. Train sublimation (or gradient sublimation) 
[71, 74] is illustrated in Figure 1-5; the starting material is heated inside a glass or quartz 
tube mounted inside a multi-zone furnace that allows close control over the temperature 
gradient. Because the pressure inside the tube is uniform, evaporation and condensation 
occur slowly along the tube, such that different molecular moieties separate out according 
to their evaporation enthalpy, proportional to the specific bonding strength. Since bond-
ing is primarily mediated by van der Waals interactions, a greater number of atoms per 
moiety (i.e., higher molecular weight) generally correlate with compounds partitioning 
toward the high-temperature zone, whereas low-temperature impurities with low molecu-
lar weight will condense after the purified material, closer to exit from the tube.  
________________________________________________________________________ 
          
________________________________________________________________________ 





















Fractional impurity concentrations as low as 10−4 are achievable by repeating the 
train sublima- tion procedure [75] multiple times. Note that precise chemical means of 
measuring impurities in these compounds remain difficult, which necessitates analysis of 
materials inside devices (e.g., diodes or transistors). Note also that owing to the complex 
role that impurities play in affecting the properties of the host material, some have ob-
served degradation of device performance beyond a certain level of purity; for example, 
Rim et al. [76] saw a decrease in solar-cell performance, attributed to reduced band bend-
ing at the donor-acceptor heterojunction, because the highly purified PTCBI behaved as 
an intrinsic semiconductor rather than as the desired n-type material. 
1.4. Deposition Techniques 
As noted above, device performance requirements and fundamental materials proper-
ties dictate the deposition methods, which must be capable of producing multilayered thin 
films, with layer thicknesses defined with subnanometer precision. Degradation of mate-
rials must be minimized by processing in an inert environment. Ionization of impurities in 
organic semiconductor devices is much more limited than in their inorganic analogs, and 
it can be difficult to ascertain precisely the total concentration of dopants in these materi-
als. The deposition rate should be fast enough to minimize the incorporation of dust and 
impurities in the growth ambient but slow enough (e.g., <1 nm/s) to allow for precise 
control over layer thickness and stoichiometry when the layers are doped. (Commercial 
device fabrication calls for short takt times and consequently may require considerably 
faster film growth rates than deposition for laboratory-scale research.) OLEDs typically 
tolerate (and indeed can benefit from) amorphous films, stacked with sharply defined in-
terfaces to help control the injection and recombination of charge, to localize excitons 
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and facilitate light extraction. Efficient photovoltaic cells have been demonstrated with 
sharp, blended, and interdigitated interfaces [2, 33, 77–79] that maximize the electron 
donor-acceptor interfacial area to counteract the typical exciton-diffusion bottleneck in 
organic materials. The light-absorbing layers in OPV cells also support charge transport 
and are often processed to achieve nanoscale crystallinity by slow deposition (e.g., <0.1 
nm/s) or postdeposition annealing. With the basic considerations outlined above, the most 
common methods of small molecular thin-film growth are reviewed below.  
1.4.1. Organic Molecular Beam Deposition 
Organic molecular beam deposition (OMBD), comprehensively reviewed by Forrest 
[80], was derived from conventional solid-source molecular beam epitaxy, wherein the 
material to be deposited is placed into Knudsen effusion cells, baked, and subsequently 
deposited in an ultra-high-vacuum (<10−10 Torr) chamber at relatively slow rates (e.g., 
<0.1 nm/s). The schematic of the OMBD technique is shown in Fig. 1-6. The evaporated 
molecules adsorb onto the substrate through van der Waals forces and can sustain quasi-
epitaxial growth for several monolayers, after which strain relaxation results in pro-
nounced stacking defects. The very pure growth environment permits controlled studies 
of the role of dopants [81], properties of heterogeneous organic-inorganic interfaces [80, 
82], interfacial bonding [83–85], and surface energetics [86, 87]. Due to the considerable 
capital expense and process intricacy, OMBD has remained a relatively specialized tech-
nique geared toward fundamental science, where materials purity and interface cleanli-
ness are paramount. A simpler variant, VTE, became more common for device fabrica-
tion and material development. 
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________________________________________________________________________ 
Figure 1-6 Simplified schematic of organic molecular beam deposition apparatus. [80] 
________________________________________________________________________ 
1.4.2. Vacuum Thermal Evaporation 
VTE is similar to OMBD but relaxes the vacuum requirements to ∼10−7 Torr, where 
the molecular mean free path, λ, is on the order of 100 m (modulated by the size of the 
evaporant molecule). Resistively heated evaporation containers are used (Figure 1-7), 
which permits the deposition of organic compounds, nonrefractory metals, and some in-
organic compounds in a line-of-sight fashion. The film deposition rate, rdep, is linear 
with the source material vaporization (sublimation) rate, rv, which itself is exponential 
with temperature: 
rdep =ηmu ⋅ rv =ηmu ⋅ A ⋅exp(−ΔH
vap / R ⋅T )       (1.3) 
where ηmu is the material utilization efficiency, A is a material- and apparatus-specific 
coefficient, ΔHvap is the vaporization enthalpy, R is the ideal gas constant, and T is the 
growth of OMC thin films, particularly since, as we
will show, many of the constraints of lattice matching
which have limited the materials combinations ac-
cessible in inorganic semiconductor systems are
significantly relaxed in the case of organic thin films.
Of course, the nearly infinite variety of molecular
compounds available also make OMBD growth of
such films a very promising area of investigation.
2.1. Purification of Source Materials
Purification of source materials is essential for
assuring that the grown thin film is reasonably free
of impurities.59,60 Furthermore, purification is re-
quired to prevent contaminants from entering the
high vacuum chamber which might result in a high
background pressure, as well as a constant source of
contamination of the subsequently grown films due
to outgassing from the deposits in the chamber itself.
There are several techniques for purification, includ-
ing gradient sublimation,59 zone refining from the
melt,61 chromatography,59,61 etc. Although the high-
est purity organics have been achieved via zone
refining,61,62 gradient sublimation is the most useful
means for purification of the powders employed in
OMBD since most of these compounds do not have a
liquid phase at atmospheric pressure or below.1,63
Figure 2-1. (a) Cross-sectional view of the organic molecular beam deposition chamber. The rotating substrate holder
can be temperature controlled between 80 and 900 K using a combination of liquid nitrogen cooling and boron nitride
heating elements. (b) Layout of the combined OMBD and gas source MBE system in the author’s laboratory. There are
two chambers for organic growth (OMBD-I and -II), and the MBE chamber is used for the growth of InP-based materials
and organic/inorganic heterojunctions. Other chambers include sputtering and electron beam deposition for contact
fabrication, and an in situ analysis chamber.
1796 Chemical Reviews, 1997, Vol. 97, No. 6 Forrest
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source-material temperature. In the simplest case of a noncollimated, point-like evapora-
tion source, film deposition rate, and hence the deposited film thickness, at any point on 
the substrate has a cosine squared shape: 
 h = h0 ⋅cos
2θ          (1.4) 




Figure 1-7 Vacuum thermal evaporation: (a) A simplified schematic of a vacuum ther-
mal evaporation (VTE) chamber, shown with two sources and a shadow mask. Co-
evaporation of the materials permits doping with reliable control over stoichiometry 
down to 0.1% concentration levels. (b) An illustration of film nonuniformity inherent in 
point-source deposition, as well as unevenness of heating inside the evaporation source 
due to the poor thermal conductivity of crystalline organic powders. (c) Typical evapora-
tion containers used in VTE. Note that industrial applications typically entail larger, line-
ar or multiple point-sources designed to achieve uniform deposition of >1-m-wide sub-
strates. [7] 
________________________________________________________________________ 
Thus, to achieve a thickness variation smaller than a fraction f over a span of substrate 
b, the throw (distance from source to substrate) H should be H ≥ b/f. Practically, longer 
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throws result in substantially increased pumping requirements (because chamber volume 
scales roughly as H3), while leaks and outflaming scale as Hm with 1 ≤ m ≤ 2. To miti-
gate the obvious trade-off between thickness uniformity and pumping costs, one can ar-
range a series of point sources (Figure 1-7c) such that the cos2θ profiles from each one 
overlap, leading to a flatter deposit. From Equation 1.3, it is also clear that achieving 
tight control over dopant concentration in VTE requires very close control over the evap-
oration source temperature, because a minute deviation in temperature from set-point of 
either of the sources can result in a large swing in the deposition rate and, hence, the de-
posited host-to-dopant ratio. 
As indicated in Figure 1-7b (inset), non-uniform packing of the source material in the 
evaporation container can lead to fluctuations in the evaporation rate. The thermal con-
ductivity of purified organic powder is low [88, 89], such that evaporation is fastest at the 
hot container wall. Non-uniform heat and material distribution work to create empty 
pockets that collapse and can potentially perturb the evaporation rate. Finally, to acceler-
ate deposition, source temperature must be in- creased; however, for a given source-to-
substrate area ratio, an intrinsic limit to the deposition rate arises due to the limited ther-
mal stability of the organic compounds (typically, <500◦C). 
1.4.3. Organic Vapor Phase Deposition 
OVPD was developed to address some of the limitations of VTE. Based on hydride 
vapor phase epitaxy, OVPD proceeds by thermally evaporating source material into a 
carrier gas that transports it toward a cooled substrate, where the organic material selec-
tively condenses. With appropriate temperature and flow profiles [62], material utiliza-
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tion efficiency can exceed 40% - orders of magnitude greater than that for typical VTE, 
especially in laboratory-scale apparatus. Two in- depth studies of the transport mecha-
nisms governing OVPD have been published [62, 90]; here, a brief discussion suffices to 




Figure 1-8. An illustration of organic vapor phase deposition (OVPD), where organic 
source material is evaporated into a stream of hot carrier gas. The vapor and carrier gas 
flow toward a cooled substrate, where selective condensation of organic material occurs. 
Flow and boundary-layer uniformity contribute to growth of films of uniform thickness 
across the substrate; δ denotes the boundary-layer thickness. [62] 
 
 
By separating the evaporation, transport, and deposition processes in space (Figure 1-
8), OVPD improves control over the deposition rate and coating uniformity. The rate at 
which organic vapor is extracted from the source is proportional to the vapor pressure, 
which is still exponential with temperature via the Clausius-Clapeyron equation. Howev-
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er, a self-contained evaporation source can comprise a larger thermal mass and allows for 
the grouping of several materials with similar vapor pressures into fewer heating zones or 
furnaces, whereas the hot carrier gas can flow through the packed bed of organic source 
material - factors that minimize spatial and temporal temperature fluctuations within the 
organic powder. Make-up flow can be used to dilute the vapor as needed; to reduce coun-
ter-diffusion of organic molecules upstream, toward the sources; and to help shape the 
distribution of the material over the substrate. Maintaining the flow path and deposition 
chamber at temperatures above the condensation point of the organic material nearly 
eliminates parasitic condensation on the deposition chamber walls, which dramatically 
improves apparatus cleanliness and reduces downtime for cleaning. Reduced material 
buildup on the chamber walls and continuous flow of carrier gas help reduce dust accu-
mulation on the substrate. 
Typical operating temperatures range from 200◦ C to 500◦ C, mass flow rates are 10–
1,000 sccm, and pressures are in the range of 0.1–10 Torr (corresponding to 100 < λ < 1 
µm). Continuum- based (i.e., Navier-Stokes) models of transport are valid [62], except 
for patterning, as discussed later. The low pressure limit arises from the need to generate 
sufficient flux of carrier gas molecules to transport organic vapor at a rate that overcomes 
transport by random diffusion and thermal convection (i.e., to ensure Pclet numbers 
>10), and the high limit arises from the need to maintain sufficiently low pressures near 
the substrate to maximize diffusion-limited condensation. Typical Reynolds numbers are 
<100, well below the turbulent threshold, although momentum transfer due to free diffu-
sion between flow lamina can be substantial. Carrier flow around the cooled substrate 
gives rise to hydrodynamic and thermal boundary layers. The cold-substrate boundary 
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condition means that organic vapor concentration falls to zero near the substrate surface, 
which gives rise to a concentration boundary layer as well. Film deposition occurs by dif-
fusion of material across this boundary layer. The flow pattern can be engineered to 
achieve uniform distribution of the vapor above the substrate, in turn achieving uniform 
film thickness. In this fashion, film thickness uniformity is decoupled from the geometry 
of the source. Analysis of the physical processes governing evaporation, transport, and 
deposition shows that the net rate of film deposition can be expressed by 
rdep,i
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where rdep,i is the deposition rate (usually expressed in units of film thickness per unit 
time); Asub is the substrate area; and ηdep is the deposition efficiency, which depends on 
the gas distributor design and the resulting flow pattern around the substrate. The varia-
bles (indexed by each component, i, being deposited) are as follows: ηdep is deposition 
efficiency (subject to the flow pattern and apparatus geometry), Di is organic vapor diffu-











equilibrium organic vapor pressure, mwi is molecular weight of i,!Tcell is evaporation cell 
temperature, Aorg,i is surface area of the evaporating material i, Tstd is standard tempera-
ture, R is universal gas constant, Vi,sccm is volumetric flowrate in sccm of the carrier gas, 
Vdil is volumetric flow rate of the diluting make-up flow, Pcell,i is the total pressure inside 
the evaporation cell of component i, and Pstd is standard pressure. To predict the deposi-
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tion rate for a given reactor geometry, the flow equations must be solved to provide in-
formation about δ, whereas more precise values for Di can be either obtained experimen-
tally or estimated from correlations such as the Chapman-Enskog equation [91–93]. The 
relationship between process parameters and deposition rate embodied by Eq. 1.5 was 
shown experimentally to be valid [94] and also forms the foundation for OVJP, described 
later. Note also that flash evaporation [95] and related methods [96] have been demon-
strated. In these techniques, the material to be deposited is fed into a flash evaporation 
chamber, where solid-to-vapor conversion is nearly instantaneous. The vapor exits the 
elongated evaporation chamber in the form of a uniform sheet of material directed at a 
substrate moving perpendicular to the flux. Kodak claimed material utilization efficiency 
in excess of 50%, although this number is likely to be reduced substantially when pattern-
ing (by shadow masking) is taken into account [97]. 
1.4.4. Controlling Morphology via Process Conditions 
Crystallinity and molecular orientation of organic films strongly influence charge 
mobility. For instance, increased molecular order can result in better charge mobility and 
improved exciton-diffusion efficiency [98, 99]. However, use of amorphous films at the 
donor-acceptor interface in OPVs decreases the interaction between donor and acceptor 
molecules and minimizes the parasitic polaron-pair recombination rate [99]. Morphology 
of deposited films can also affect the total junction area as well as contact continuity. All 
these factors must be taken into account when choosing a deposition technique. During 
film formation, the driving forces that induce nucleation, growth, and crystallization of 
organic semiconductors strongly depend on the kinetic and thermal properties of the ar-
riving admolecules. In VTE, for instance, the molecular motion is ballistic with relatively 
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high kinetic and low thermal energies; therefore, the film is usually smooth with an 
amorphous structure. Note that increasing substrate temperature to promote crystalliza-
tion can dramatically lower the sticking coefficient. In contrast to VTE, in OVPD the spa-
tially averaged molecular kinetic energy is low due to randomizing collisions, whereas 
the thermal energy imparted to the topmost layers of the film is high as a result of the 
much larger frequency of carrier gas molecule collisions with the substrate. Furthermore, 
a blanket of carrier gas above the substrate can redirect desorbing molecules back toward 
the substrate. As a result, polycrystalline films can be more readily obtained [100, 101] 
for a given rate of deposition that would result in amorphous films by VTE. In OVJP, 
molecular velocity and temperature can be adjusted, and therefore molecular orientation 
and morphology can be controlled more closely. For example, when films are deposited 
by GF-OVJP, guard flow effects crystallinity, morphology, and device performance in 
OPV devices, and Kang et al. [102] showed how carrier gas temperature effects penta-
cene thin-film formation in OTFTs. 
1.5. Patterning of organic devices 
The above descriptions of VTE and OVPD assume that the objective is uniform dep-
osition of thin films over the entire substrate area. Both techniques allow for nanometer-
scale control over film thickness, although OVPD generally offers better control over 
film composition. Commercial production of devices most often requires the in-plane pat-
terning of electronically active features, which is an essential consideration in the devel-
opment of organic thin-film deposition technology. Because organic semiconductors are 
typically van der Waals bonded in the thin films, they are not easily amenable to conven-
tional photolithography-based film patterning approaches. 
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1.5.1. Vacuum Thermal Evaporation and Shadow Masking 
In conventional VTE, organic thin films are typically patterned by depositing through 
a shadow mask, a thin stencil placed in (near) contact with the substrate during deposi-
tion. For a mask aperture with straight walls and thickness, t, and using a source of width, 
l, centered on the aperture axis, the shape of the deposit is approximately trapezoidal, 
with the width of the edge taper and, hence, the resolution limit, , approximated by 
 ρ ≈ (s+ 2t)l / 2h          (1.6) 
Here, s is the mask-substrate separation, and h is the source-to-mask distance, as defined 
in Figure 1-9.  
 
           
 
Figure 1-9. Schematic of pattern formation by shadow masking in vacuum thermal evap-
oration (VTE) (left) and OVPD (right). The deposit shapes are slightly different for the 
two methods; VTE typically results in trapezoidal profiles, and OVPD yields bell-shaped 
profiles, due to molecular collisions in the vapor phase above the substrate and in the ap-
erture gap. [106] 
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The design guidelines suggested by Eq. 1.6 are intuitive: The mask should be as thin 
as possible, and s should be small, to produce the sharpest edges. However, the mask also 
should not bow under its own weight, and it should withstand multiple mount-remount 
and cleaning cycles. Thus, practical mask dimensions represent a compromise between 
the pattern resolution and hardware robustness requirements, with typical values for s, t, 
and aperture width of approximately 10 µm, 70 µm, and 100 µm, respectively. In re-
search-laboratory-scale apparatus, the typical source diameter is l ≈ 1 cm, and source-to-
substrate distance is h ≈ 50 cm, which yields ρ ≈ 2 µm, which is adequate for full-color 
OLED displays. Note, however, that dimensional run- out owing to thermal expansion is 
a critical consideration for large-area patterning. The aperture profile can be designed 
with a bevel or double lip, such that the edge is thin despite the rest of the mask being 
thick for mechanical robustness, as shown in Figure 1-9. In some instances, it may be 
advantageous to integrate the mask with the substrate, as demonstrated by several re-
searchers [103, 104], or even to exploit the parallax owing to the gap between mask and 
substrate to control the placement of the evaporated components [105]. 
1.5.2. Organic Vapor Phase Deposition and Shadow Masking 
Shtein et al. [106] studied shadow masking in combination with OVPD to pattern ac-
tive organic layers. Depending on the process pressure, the molecular mean free path can 
be short enough (i.e., 1–1,000 micrometers) to cause numerous collisions in the vicinity 
of the mask and, indeed, in the space between the mask and the substrate. In this regime, 
where the Knudsen number (Kn) is 0.1 < Kn < 10, the edge dispersion of the patterned 
deposit is expected to be larger and of a different shape than that in VTE, and the walls of 
the aperture itself are expected to be coated as well, as shown in Figure 1-9. Defining a 
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pixel shape factor as the ratio of aperture width, w, to the total deposit width, Shtein et al. 
[106] studied the effects of deposition pressure, mask-substrate separation, mask thick-
ness, and aperture shape on pattern resolution. The best shape factors were seen for ta-
pered apertures (narrowest near the substrate) that were in contact with the substrate. 
Higher pressures resulted in more diffuse pattern edges, as well as more parasitic coating 
of the aperture walls. 
To address the issue of parasitic coating of the mask walls, the mask can be heated 
[106], but as noted above, simple heating of the mask could result in undesired transfer of 
heat to the substrate, which could potentially reduce the molecular sticking coefficient or 
evaporate the deposited layers. Instead of relying on diffusion through apertures to form 
the patterns, vapor jets could be used [106, 10]. The method of OVJP for efficient, rapid, 
additive patterning of organic active and passive layers is discussed below in Organic 
Vapor Jet Printing. 
1.5.3. Molecular Jet Printing 
Integration of the shadow mask with the evaporation sources has been shown in the 
form of molecular jet printing (MoJet), which enables direct evaporative patterning of 
low-molecular- weight organics and metals at high resolution [107]. In principle, the 
technique combines the advantages of the film purity of thermally evaporated films with 
the speed of direct patterning, leveraging the precision and scalability of microelectrome-
chanical system (MEMS) technology for the actively controlled apertures. Deposition of 
active organic devices (e.g., OLEDs and OFETs) has been shown with pattern definition 
on the order of 5 µm [108]. A MoJet printing system is schematically shown in Fig. 1-10. 
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Figure 1-10. Illustration of the molecular jet printing apparatus and process. [108] 
 
The entire printing system is housed inside a vacuum chamber at a base pressure of 
10−7 Torr, with the substrate mounted on a precision motion stage above the printhead. 
The printhead is composed of a membrane aperture (nozzle) and an integrated comb- 
drive-actuated microshutter, which modulates the flux of evaporated materials through 
the nozzle [107]. The Knudsen cell is used to generate evaporated material flux from un-
derneath the print- head. The materials to be deposited are loaded in an aluminum or 
quartz crucible and heated above the sublimation/boiling temperatures. The printing sys-
tem operates as a single-nozzle printer. The technique is reconfigurable for digital fabri-
cation of arbitrary patterns with multiple material sets and is potentially scalable to coat-
ing large area substrates. The printed pixel size and profile are strongly dependent on the 
geometry of the printer system and follow geometric considerations similar to those of 
shadow masking in VTE [108, 109], with pattern resolution given by 
ρ ≈ (s+ t)(D−w) / 2h+ s(D+w) / [2(h+ t)]       (1.7) 
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Courcimault & Allen [110] reported a microelectromechanical system (MEMS)-
based masking system, integrated with the substrate for submicrometer patterning of met-
al contacts, which achieved patterning, for example, of metal lines 1.1 µm by 10 µm, 
spaced by 0.3 µm. They also reported a self-aligned masking configuration in which a 
sequence of processing steps (photoresist + mobile mask + laser ablation) resulted in a 
tapered mask directly on the substrate. Deposition of metal through this mask, followed 
by liftoff, can result in a high-resolution patterned metal contact. This approach, however, 
is likely suboptimal for patterning active organic films, or even metal contacts directly 
onto the organic film, because liftoff requires the use of a solvent bath that could dissolve 
the organic layers. 
A desirable feature of MoJet is the ability to additively pattern high-melting-
temperature metals to form contacts. However, the MEMS printhead is hot, requiring baf-
fles that can reduce material utilization efficiency, and is susceptible to clogging after 
prolonged use due to accumulation of a thick film of material on the backside of the shut-
ter and aperture. 
1.5.4. Inkjet Printing and Laser-Induced Thermal Imaging 
Processing of polymer-based organic semiconductors most often entails the use of 
solvents, because the polymeric semiconductors are typically more soluble than small 
molecular semiconductors in common process solvents. Traditionally, uniform applica-
tion across the entire substrate by spin-on or spray-on methods was employed, but it re-
quired additional and relatively costly steps to pattern electronically active layers. This 
shortcoming was addressed by inkjet printing [111, 112]. Note, however, that due to 
droplet drying energetics and dynamics, microscale features must be prepatterned on the 
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substrate to generate individual wells that maintain a flat pixel profile upon drying [113, 
114]. Commercial use of inkjet printing has so far been successful in depositing transistor 
channels, and to a more limited extent OLEDs, in part due to the efficiency limitations of 
polymeric emitters relative to the small molecular electrophosphorescent and fluorescent 
compounds.  
Additional methods for active-layer patterning include a variety of stamping/transfer 
techniques [115–119] and LITI [120] (Figure 1-11). In LITI, a donor substrate is first 
coated with the material to be deposited. The donor substrate is then brought into physi-
cal contact with the receiver substrate and is illuminated by a short, powerful laser pulse 
from the back, which causes the transfer of material. High-resolution OLEDs and OTFTs 
have been made by using this technique [121].  
 
                    
 
Figure 1-11. LITI: A schematic of the laser-induced thermal imaging process, where ac-
tive organic films are desorbed from the donor sheet and transferred onto the receiver 




Advantages of LITI include its applicability to a broad spectrum of organic materials, 
patterning accuracy (±2–5 µm compared with ±15–20 µm for shadow-masking and 
inkjet-printing techniques), ability to pattern multilayer structures in a single step, scala-
bility of the process to large substrates, and ability to reach production-scale takt time 
requirements [122]. However, LITI introduces thermal defects in the organics materials 
during patterning due to the ablation process. The process is extremely sensitive to par-
ticulates and similar contamination of substrate and donor surfaces, which places strin-
gent requirements on processing-atmosphere cleanliness. Furthermore, LITI requires a 
primary deposition process to create the (multilayered) films on the donor substrate in the 
first place, which potentially adds cost and complexity. Material transfer from a donor 
stamp prepatterned with a relief structure can be useful (provided the stamp can be 
cleaned and reused) and potentially mitigates the thermal damage but remains sensitive to 
particulate contamination. 
1.6. Organic Vapor Jet Printing 
To address the limitations of shadow masking in combination with VTE or OVPD, 
and to enable direct, additive patterning for small molecular organic semiconductors, a 
new technique was developed in the early 2000s: OVJP [9]. As illustrated in Figure 1-12, 
similar to the process in OVPD, the organic material is evaporated into a carrier gas, 
which, upon picking up the vapor, is ejected at high velocity through a collimating nozzle 





Figure 1-12. Organics vapor jet printing: (a) Schematic of the organic vapor jet printing 
(OVJP) apparatus, shown with two source cells, a center dilution channel, and a modular 
collimating nozzle, all heated from the outside. A hot inert carrier gas enters the appa-
ratus, picks up the organic vapor, and ejects the gas mixture through the nozzle. The col-
limated vapor jet impinges onto a cooled substrate where the organic molecules selective-
ly physisorb, forming a well-defined deposit. (b) Diagram defining the geometry relevant 
to pattern formation, also depicting the diverging carrier gas (N2) flow streamlines and 
the collimated trajectories of heavier organic molecules. [124] 
 
 
Mass conservation principles suggest that the master equation (Equation 1.5) devel-
oped for OVPD should still hold true in describing the net rate of material delivery via 
the nozzle in OVJP, with the main difference being the pressure inside the evaporation 
cell and the gas (fluid) dynamics in the region between the nozzle and the substrate. A 
pressure drop is required across the nozzle to achieve flow collimation, which implies 
that the net gas overpressure experienced by the organic material in the source cell is 
generally larger than that in OVPD. Consequently, the effective vapor pressure of the or-
ganic material is lowered, which requires the source temperature or total evaporative area 
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to be increased to compensate for the drop in effective vapor pressure. (Note that the drop 
in vapor pressure is roughly linear with overpressure, whereas net evaporation rate is ex-
ponential with temperature.) 
After the organic vapor is entrained in the carrier gas being driven through the colli-
mating nozzle, the jet rapidly expands due to a combination of pressure drop and proxim-
ity of the substrate. The carrier gas does not condense on the substrate, flowing outward 
from the axis of the nozzle at a rate that is inversely proportional to the nozzle-to-
substrate distance. Owing to the symmetry of the apparatus, flow in the region directly 
downstream of the nozzle and above the substrate is stagnant, with a boundary layer that 
can have a nontrivial dependence on process variables. Transport of organic molecules 
across this stagnation zone determines the printed feature size, deposition rate, and mate-
rial utilization efficiency. As Figure 1-12 illustrates, the organic molecules have a mass 
lower than that of the carrier gas and thus follow trajectories different from those of the 
latter, determined by the temperature, pressure, and geometry of the apparatus. 
Typical downstream vacuum levels on the order of 0.1–10 Torr (similar to those in 
OVPD, achieved using cost-effective roughing pumps) are sufficient to reduce λ to the 
10–100 µm range, although the dynamic pressure in the region between the nozzle and 
the substrate can easily exceed 10 Torr. Nevertheless, λ can fall within an order of magni-
tude of critical apparatus dimensions—namely, nozzle diameter and nozzle-to-substrate 
separation distance—and operation within this intermediate regime (i.e., where the Kn 
ranges between 0.1 and 10) can complicate process modeling. 
 A simple scaling analysis reveals how patterning resolution depends on the major 
process variables. The analysis assumes that organic molecular dispersion is driven prin-
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cipally by isotropic diffusion and by the outward flow of the carrier gas. Because of the 
heterogeneous and partially molecular nature of the flow in the deposition region, the 
number of molecular collisions and the mass differential between the carrier gas and or-
ganic molecules provide a rough guide to the net amount of sideways deflection an or-
ganic molecule will experience during its transit from the nozzle exit toward the sub-
strate: 
 χ / a ≈ (s / λ)(mcg /morg )+[D ⋅ s / (uave ⋅a
2 )]1/2      (1.8) 
where χ is pattern dispersion, a is nozzle diameter, s is nozzle-substrate separation, λ 
is molecular mean free path at the working pressure, mcg and morg are the carrier gas and 
organic molecular weights, D is organic molecular diffusivity in the carrier gas at the 
working pressure, and uave is average flow velocity through the nozzle. The left-hand side 
of the equation is a scaled amount of pattern dispersion, the first term on the right-hand 
side of the equation denotes the scaled amount of deflection experienced by the organic 
molecules via the outflowing carrier gas, and the second term on the right-hand side de-
notes the contribution of isotropic molecular diffusion. Experiments that vary s, mcg, and 
λ via the chamber pressure confirm the trend predicted by Equation 1.8. Moreover, di-
rect-simulation Monte Carlo models [10, 123, 124] that track molecular trajectories and 
deposit shapes confirm these predictions. (Note also that the material utilization efficien-
cy, in the absence of secondary flows, surface features, or exhaust manifolds, will follow 
a trend that is complementary to pattern dispersion. That is, greater pattern dispersion de-
notes a decreasing net material utilization efficiency.) 
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Shtein et al. [10, 124] initially demonstrated the OVJP process by using single glass 
capillaries and also single 20-µm-diameter, laser-drilled, stainless-steel nozzles to print 
patterns of neat organic material. Feature sizes of 30 µm were obtained, which translated 
to printing resolutions of over 500 dots per inch. An example of a printed pattern and the 
system geometry are shown in Figure 1-12. The OVJP tool was used to draw continuous 
films of pentacene and make organic TFTs with hole mobilities of 0.2 cm2/V-s, compara-
ble with those achieved by VTE-grown films [9]. Fluorescent emission α-NPD-Alq3 
OLEDs with EQE = 0.84% were also grown by this method. The efficiency of the fluo-
rescent OLEDs grown by OVJP was comparable with that of conventionally processed 
devices [124]. Very high local deposition rates (e.g., well over 100 nm/s) were achieved. 
Subsequent work by Arnold, McGraw, and colleagues [126, 127] showed that high-
efficiency, doped electrophosphorescent OLEDs can be realized by OVJP on a common 
substrate by using a MEMS-fabricated multinozzle array. In-plane patterning resolution 
on the order of a micrometer has been shown [128]. Furthermore, the overall material uti-
lization efficiency, particularly in laboratory-scale apparatus, is found to be orders of 
magnitude greater than that in VTE or OVPD. These capabilities in principle enable the 
use of OVJP for both non- patterned and patterned film deposition over a wide range of 
applications and production volumes. 
As mentioned previously, the ability to create discrete patterns is often required in the 
fabrication of organic devices (e.g., in typical subpixel layouts in the emissive compo-
nents or backplane electronics for OLED displays). To enable pixilation of the deposit at 
high deposition rates, Yun and coworkers [129] developed digital-mode OVJP, wherein 
the vapor jet can be vented through a digitally controlled valve (Fig. 1-13) before reach-
ing the nozzle exit. 
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Note, however, that when applying the same OVJP process to deposit in the atmos-
phere, a significant limitation arises: The hot organic vapor mixes with the surrounding 
oxygen and moisture en route to the substrate. Because the highly conjugated organic 
semiconductor compounds are susceptible to oxidative damage at elevated temperatures, 
their device-relevant properties (e.g., luminescence efficiency) usually degrade in air, 
which lowers device performance. 
 
          
 




1.7. Guard Flow-enhanced Organic Vapor Jet Printing 
In order to deposit and pattern device-quality organic thin films in air, a guard flow is 
added to OVJP set up. When depositing at ambient conditions, the downstream pressure 
is 1 bar, and the hot organic vapor can mix with the surrounding oxygen and moisture en 
route to the substrate, potentially causing oxidation at elevated temperatures and com-
promising device performance. Degradation is mitigated by concentrically surrounding 
the primary jet with a secondary jet of inert gas. The experimental apparatus shown in 
Figure 1-14 consists of two glass tubes pulled to form a coaxial nozzle with the inner 
tube diameter of ~ 200 µm (dCG) and an annular gap of ~100 µm (dGF). The evaporant 
organic powder is placed inside the inner tube and heated above the sublimation tempera-
ture (TSource) of the compounds at the upstream pressure (P0), and the nozzle walls were 
maintained at a temperature higher than TSource to prevent parasitic condensation. The 
nozzle-substrate separation (s) in the initial GF-OVJP experiments was maintained be-
tween 0.5 – 1 mm, while the substrate was mounted on a three-axis linear motion stage, 
with the substrate holder chilled to maintain its temperature below 40◦C (TSubstrate) in the 
ambient. Because the mole fraction of organic molecules entrained in the jet is less than 
10−3 in all of these experiments, the thermal conductivity (κ) and viscosity (µ) for both 
the primary and guard jet can be approximated by those of the carrier gas. The carrier gas 
flow rate (QCG) of the main jet and the guard jet mass- flow rate (QGF ) were controlled 
by using mass-flow controllers. The process therefore entailed more than six inde-
pendently controllable parameters, QCG, QGF, TSource, TSubstrate, translation speed of the 
substrate (vx), and nozzle geometry (d and dGF ), apart from the choice of inert gas used 
for the carrier gas and guard flow—considerably more parameters than those used in 
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VTE or OVPD. This wider choice of process parameters potentially enables access to a 
wider range of deposition regimes, which in turn enables formation of films with new 
morphologies that are not easily accessible by using traditional growth techniques. [11, 
130, 131] 
 
    
 
Figure 1-14 Schematic of the GF-OVJP dual-nozzle apparatus, along with the inde-
pendently controllable process parameters. The nozzle provides for an annular inert guard 
jet to shield and hydrodynamically focus the organic vapor-containing primary jet when 







Since the early discoveries of photovoltaic effects and electroluminescence in conju-
gated organic compounds and the pioneering work of Tang on heterojunctions, the per-
formance of organic semiconductor materials and device architectures has steadily im-
proved. Small molecular com- pounds comprise a large fraction of commercially viable 
materials at the heart of the devices in question (e.g., organic LEDs, solar cells, transis-
tors, sensors). They are generally incompatible with processing approaches deployed in 
traditional microelectronic manufacturing. Consequently, there is considerable room 
(and, indeed, urgency) to develop scalable deposition and patterning methods for this 
class of materials. 
The success of commercial-scale, organic-based optoelectronics is contingent upon 
the ability to scale up thin-film deposition methods to large (e.g., >4 m2 ) substrates and 
the ability to achieve rapid deposition and patterning with fine control over pixel dimen-
sions (e.g., < ±1 nm in thickness and < ±5 µm). Future development is anticipated to also 
include refinement of additive patterning capabilities, improvements in deposition speed 
and morphology control, and minimization of the energy budget for processing. GF-
OVJP is a technique that enables mask-free, solvent-free, direct, additive patterning and 
deposition of small molecular materials in air, with potential for control of morphology 
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